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ABSTRACT

Th_ report covers in detail the :,,olid state research work of the Solid
State Division at Lincoln Labor_.tory for ".beperiod i At,gust through
31 October 1987. The topics covered are Solid State Device Research,

Quantum Electronics, Materi_ls Reszarch, Microelectronics, and
Analog Device Technology. Fur_diz:£ Lsprovided prim_,_-ityby the Air

Force, with additional support provided by the Army, DARPA,

Navy, SDIO, NASA. and DOE.
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_ 1. SOL|D STATE _EVICE RF_EARCH
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Monolithic two-dimensional GaAs/AIG_.s _iode laser arra)_ with liEht emission norm:_ i.to the

_arfac¢ ha_ heen fahric,a_cd u._ng edge-emitting q=antum-_ell lasers with facets and adjacent deflecling

mirrors formed by ion-beam-assisted etching. A pulsed o,,tput power density of 370 W/cm 2 was

obtained from a 22-element array, and a total output po_cr of 7 W (limited by available torrent) was

obtained from a 96-element array.

The integrated optics wa_efront measurem_:nt sensor has been used to measure a _avefront

deflected at high speed by an acousto-op:ic cell. Ten 200-n__-duration frames of data have been obtained,

and the phase angle of the optical _front ha_ been measured with an rms error of 3_.

Design considerations have been formulate, l for an optical power controller that i5 capable of

stabilizing a laser diode output at operating points both abo_¢ and below the la,,cr threshold current. An

8-b_t experimental implementation haz yickled r_:_ults in t_ood agrcemcm _-hh expectations.

2. QUANTUI_ ELECTRONICS

Mode-locked laser operation has been obtained in a Ti:At203 ri_.g laser syr_ch ronously p_n-_,ped by a

frequer, c3"-doubted Nd:YAG h_r-amp!ifier s_te_a. This is the first time mode-locked lasin_ has been

achieved by synchronous pumping in either a soli _'-state ma,erial or in a system v,'ith a lifctir_.e greater

tkan 1 _s.

A la_rcavity _-;ith a _eak!y couple-'] side arm i_.a_ been tr,_:d _ucccssfu]_y for wide_e.nd tuni r_ t3f tl_e

-!i:t_,!203 ma 5',."ro_cilIa_.t_r, pro Ading tc'_erance of ,igh in: v.__.vity insertion lo_.',c5 and opc_,_:io. _,_,t low

o?.t_cal i_:_er_sity. In a r_ixed m_chanical-e_tro-x ptic approach to the frequ_::_cy agility rc_:irements,

coarse t_:-:iag over most of l_e Ti:AI203 laser g_in cur'.e i_s been achicv_ in l_s than ! ms.

A L'r.all-signal, sinEle-pa'.s po'._'cr gain of t_80 has b_zn measured for an input sig_at in the

polarizzaen parallel to the c-axis at 7'_0.7 nm in a lono_tudinally punq_d -ii:Al_O 3 amplifier, and a

double-pz._ power gai_ of I_ has been obtained :or :he _rr,.c polarizztion ,,t 7.5'9.8 _;m. Tt,e lifetime of

the upper, laser level decreases _Sth increased put,ping, prcbzbly as a result of amplified _pcntar, eous

emis-_ion.

R_,uaance fluore._cnce frcm t_ earth's nat :rally occurring s_dium ka3_r, at 90 km a[_itede, has

been observed using a solid-state source of pul,.-d sodiu,_a-resona_.ce _,_diation generated by sum-

f.,'eq_e _cy mixing the output of two pu!gd Nd:YAG las.e,rs. The number _f hackscattered pho,'.ons was

counted as a func;.ion of time afler the pulse of so_:_ium-rcsonance r_diation _as transrahted _ erlically

imo the atmosphere.



3. MATERIALS RESEARCH

Measurements hate been rcmde on a partizliy oxid/zed sample of T/:A/203, in which the Ti3+/Ti 4.

ratio varies with distanc_ from th_ surfzce, to d_ermi.'_ e t he rcrH v_.l infrared a bsorpti on as a functi ,n of

the Ti 3. absorption for constant total Ti concetamtion. The rzsa_ confirm that t he .'z_idual absorption,

which impairs the performance of Ti:AI203 t_.abte lasers, is due to Ti3"-"i-t 4+ pairs.

Scho_tk'y-tkarricr inflar_ deleaors hays been fabricated w/th silicL4e electro0es formed by

tequemizl vacuum deposition of 5 to 10 A thick Pt an _ I0 to 20.1 thick Ir hyert on p-type Si i'._b_.trates

and subsequent thermal annealing. The Pt-Ir silicidc diodes lxa_ cutoff ,¢awlengths extending well

beyond 6 um and exhibit higher quamum efl'a:g-ncy t!mn either Pt-only or Ir-o:,.ly silicide diodes over a

significant spectral range.

4. MICROEL_ CI'RONICS

A new buffer layer has been d_'elopul that eliminates backgating in GaAs MESFEFs acd

substantially reduces short<hannel effects in GaAs M F..SFE'i's with 0.27-vm-long gates. The new buffer

layer, which is crystalline, highly res/stive, optk_ally inactive, and can be overgro_,'n with hi_b quality

GaAs, is grown by molecular beam epitaxy a) a substrate temperature of 200 ° C using Ga and As 4 be.,mn
fluxes.

Angl,:d ion-beam-assisted etching has been us_:,d in con bmetioa with a variety of litho_aphic

techniques to produce structures in Ga#.s and GaAl,_s with controile'd slde-walt gt_metri_. Vc,-ti_l

field effect transistors, resor,2.nt tunneling tramistor.., surface emitting Ia._c a_ays and qvm._tum-wire
structm_-e_ have been fab_,_t_d.

A switched-cavac:,tor !ow-pa_s filter has _e_n it _,e_z:t..,d i_o each of 7_:3 _gcrs of an _h_.,:e8

d_i,_*t of _ SAW/F_f widcbar_ _pi'mJ de'_/ line, Ti_ ram SAW/FEF shows impr_v¢_l

perforn_ce, and swi:c_:cd.,"_pacitot-4_!ter te_t st_ci .:_¢s 6n ,_ .... _tr.e ch h , perform m ,,_.c .... et w_tn

SPICE simvlatio_ tr.,ed in the dm;_Zn.

$. ANA_.OG DEVICZ TECLC'd_)bOGY

The svfface resigtanee of superec_ductk:g poL._tailin; thin fi!ms _f YB.a2CuzO-t. x I',as been

n._asured _ the fr:_t;ency range be,m,,e.en 0.5 GHz _)_a_ 17 OHz at law te_p_at:ttc, t_n_ a s*d,,)iin_-

resonz to_ r_qtthod. 3qxe vaht_ of the s urf_.ee rt_stz,- nc= at _,.2 K arm ] GHz is 7 × I_ fL lexs tt'z.r_ tlmt of

any nor_aal metal, arm it propo,'lior'_! to t._= sqt! de of .).he frequcr, cy, as is that of convev_Lional

supercor'a,act ors.

La._r-aclivated photochemical techniq_s b.a.e bscn ,,tr.z,ed to define ,,mplitud.-.- znd pL'a_.-

correction Fatterns of Cr-Cr203 and Mo, reL:)ective_)', contained be.ig_.en ref)ective-_rray_o: :?re,_sor

gratings. '6_th the incorporation of a recently devel :pod comp,znsation algorithm, whic)', i.',.¢_udes the

coupling be_.ween amplitude and phase, aml;_itude compensation to within _+0.05 dB of _he desired

uniform rc_ponse and rms residual ph--_e errer ofO._ ° have :.'x-.n achie;,cd o_er the design har.dw;hh.



The phase noise of lithium niobate hol%,raphic ha]k-acoustic-wave reflection-grating oscillators

operating at 1 Gllz has been measured t_:_be -150 dBc/ttz at 100-kHz offset from the carrier.
Me_._urements of holographic gratings in iro_-doped lithium tantalate indi_le ",hathigh--quality-factor

resonators can be fabricated in this temper_zure-compensa_ed materiaL"

XV
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1. SOLID STATE [)EVICE RESEARCH

[_i 1.1 MONOLITHIC TWO-DIMENSIONAL SURFACE-EMITTING ARRAYS OF GaA$]

[ i! D ODEL ERS

: _?! ( Monolithic two-dimensional arrays of _, ./AIGaAs diode lasers _th light emission normal
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to the surface have been obtained by fab.fic_afin_=edge-e_tting 9uantum-well la._ers coupled with

external mirrors that deflect the radiation from _he laser facets by 90 °. Lir_.r arrays of GaAs/
AIGaAs devices in which one of the laser facets was cleaved while the other facet and an

adjacent 45 ° deflector were formed by ion-_am-amisted etching ! (IBAE) have been reported. 2

For the arrays reported in this section, IBAE w_ used to form all of the laser fac.ets and the

deflecting mirrors. A mass transport proce_ of the type employed to fabricate two-dimensional

arrays of GalnAsP/InP lasers coupled with deflecting mirrors 3 is not known for AIGaAs.

The GaAs/AIGaAs wafers used for the arr:!ys contained a single quantum well symmetrically

positioned in a large optical cavity. Orga_omet;_,_lic vapor phase epitaxy was used to grow the

follou_ng epitaxial layers on a (100) Si-doped n*-GaAs substrate: 1.0-_m n*-G_As buffer, i.0-t_m

n-AI0.sG_o.sAs confinement, 0.I2-_m undoped AIoAGa_vAs, 0.02-pro t_ndoped Alo.tG%.gAS

e_ive, 0.12-/am undoped Alo.3Gao.TAS, l.g-_m p-A!0.sG%. 5 As confi,_ement, 0.I-pro

p%Alo.sGao.sAs, and 0.15-/am p*-GaAs ccntacti:_g. The active layer pl,z_ the two 0.12-1_m

uadoped A_02Ga0.TAs layers on either si_ of tie active layer form the l_-ge cptiea_ c_vi'y.

Two dLqercnt types of laser arraD h_'e hc_.n fabricate. In lhe firs:, two d._ficc_i,".g mhrors

are form.ed and li_,ht is taken out of b_ti_ facet., of e_eh l_r. In the s_on_J, o_y o_e ,_e_ect_t

is formed a='.d a tvtally reflecting mirror is [_'.zc_d on _e back I_er Lw._t. TL_ fat)ri_io,a

procedure for the _coad type of array is much _implcr than the first. The dez.iga of tl_ fast _yp_

of laser arrays is shown sc}_ematically in l_,,urt 1-I. The first step in far_rieac:;:',awa_ to eu:h the

laser facets. With ph_toresist az an etch ._:tsk, IBAE was used lo form pair_ of ._tr_i_t-sided

grooves 2 _m wide and about 3 _m deep. _'r'zra_el to the (011) cleavr.ge p!ane. "I-,_e d_::m_._

between the outer walls of the two groov_z in ,ac.h pair is 50 _._,. The outer w:_!s of etch lre_r

form the f_.cets of the la_er cavities, whi_ arc 250 tam long. Lines about 3 _m wide imm¢6ia:ely

adj_nt to the inner wall of one of tt:e e_c_ed _rooves ha each pair were oper._d in a new layer

of photo_:i_t, and approximz_:ly parab_ de _eetors for one side of each laser row were formc_t

by IBAE wtdl _. the anglz _-:tv/cen the wdcr an:_ the i_n beam wa_ co=tinuously varied. 4 "t-he

deflector for the other side of each row w_ fo:m_d in a similar ,._anmr. A 0.21-pro layer of

Si2N _ was deposited on the en6re wafer by Rl:-enhaac_d plasma ci_emical vapor depo.qtion.
Next, 5-#m-w:.de stripe contact windows on 15')-pro c_ters, oriented normal to the etched facels,

were open,.,xl in the Si1N 4. The wafer was thint ed to approximately 75 gin, and Ni/Ge/Au

contacts _ere applied to the back side. Ta-o C:/Au a,'xgle evaporations were m_e to contact the

top of the :_itride-defined Jasers and to con*. th: deflectors on both sides of each laser row.
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F_oe t-Z Ner./i_Id l_atternof a _-eh.m_,_ afro.� w.:,hli_t _ from Both faceta of each _ser.
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i_g_re !-3. Ptd_ed power output w o.n're,-.t of iwo-.:fimensio,',d mray whom rear-field pattern is _'_wn in

Ftgure I-2. The curren_ pul_e_ _re I_) n_ it,ide at a l-k Hz repe_ "lzi_nrate.



o_ at • c_t of 16 A. Above this level, facet damage occurred on o_¢ lab-t, but the rest

of the la_n in the array continocd to flmc6on. Th_ cmi_oa wavc_ of las_m_ in thi_ array

varied from about 790 to 798 nm. This wavelength _ange it conti_mt with tl_ tuY,_ laym"

composition of AIo.IGa0. _&

Several lar_ azrays _f the, _nd t_3:m cor_st_g of apFroximately 100 e|t_euL_ e"aeh were

chmved from azmther wafer. Figure 1-4 sho_o the n_ar-fie_ pattern of a 06-6ement amly _t

abou*. 1.25 times tkteshoL4. On this wafer, light is t.-,.k¢_ out of only one facet of t_:h la_. As

caa be seen, all 96 elemems las_. This _-a$ true for ::_ost of the large arrays f_rict_:i. A pulted

F_,ur¢ I-4. Iqe_--fi¢_ pm'u_ of _ f,6-c_nu',,u array wid_ _ mv'.U:,i_ fro¢_ only o_ Jac¢_ o� _

power omput of 7 W, [imitod by avaih_ble curttm, _¢-_t o_ from th[_ _._y. Ei,_,5_-r powers

quay'urn _F, cier_"y, a, v_l as threshold current _i power output, arc _*_ed tkrou_

im_v_;-_rsu in material qu,-dity, iawr _e_a, az_J f_tioa_ion prce._ur_

J.?. Dor, a_ll2, T.H. *0_,a-_h_n

W.D. Goodhtte R.J. Ba_'k-y

L2 INTEGRATED O_iCS WAVEFRONT M£ASUREMENT SEN£_.

S,,__,o_s colLinS of aa array of interfcromct_* to m._,_,ure p,._x.mdL.ffcrta_ ar_ zL_t

_",_ve_-,_.des to mt_su:c ialcrtsity along _a oplh:_d _avef, ront h_ve b_ [ai_/_za:r_ cn Li_'_LO_ at

four wa;,t|en_-._ P, : 0.4_, 0.514, 0.g2, and 3.39 pro), and the porfotm_c, of thz--_¢=o_ _ra._

b,_"-n_'a/uat_. 5 The ou¢.p_*,_tof tee arrays are cou _i-.d to a_ ima#ng CCD and fed into

computer. In thL_ report, w, dosc.fibe the demonstration of ,.hort-frzme-time opera'" _a in wlE-t.h

ten 200-ns sn',,pshot, have been t'-.3ten of a 0.514-#_a colLkn_e.d wevofront that ha: b_n azo_-.-_to-

opticaliy tilted at the set, sot aperture during a 2-_t: ir.terva.
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The experimental arran_ment used for measurements at 0.514 _m is sho_n in Fi_,.u,e 1-5.

At the upper i_ft-ha_d corner is the argon ion laser. The laser beam is a:tenuated by two banks
of neutral demity fdters, and then p_,ses through a polarizer so it can Ix oriented either TE or

TM when it is incident on the waveguides. (the liser beam is oriented at 45 ° to both

polarizations before the polariz¢r.) A beam., p|itter splits off a sm--tl portion of the ellerl_ to an

input beam monitor. A beam expander with a spatial filter both expands the beam and removes

aberrations so Ii collimated beam of about 5 <m diameter with a nearly perfect ,q_ wavefrom is

incident on the integrated optics wavefront i_casuremcnt sensor (IOWMS). The circular inset

shows the icousto_ptic (AO) ¢¢11 that is used to deflect and tilt the first-order beam incidct_t on

the IOWMS. It also is used simultaneouzly :_s a shutter to reduce the duty cycle of t.._ incident

radiation on the IOWMS. For a 2-pa sweep, the beam deflection of the AO cell was linear in

time over an angular range of about 2.5 mr_d, which corresponds to a 45 ° range of phase tiits

acro,_ tbe interferomt_er anm (separation : 26 #m). During each 2-vs s_xep, ten frames of data

were obtained.

'9.

ARGON ['-! 05141=m
tON II OR

LAS_y 0 458 _m

!

/ ^_o_ _ oR_.s \

t t! -o,_,c ! " i / "__
I !1 __-</ t,.,,,,-_.,..,_+, i _-_oS_-o_C---]

Mil_i,'o'_- / \ O&,_CrlvE/ I ____L__i_.:÷tFIRST OI:_ER LENS
I_I_L_CTEU B£AM Ar_e,V

MONFrOR ,.,

\/9 -\/_r.AM OHOIOO_O

DEI_._b_7¥ tEt_'_
Fll.i'_ R l ¢ 11

SPAT_'.M. COLI..;_,A t, ThNG
JFL1,.TEq L"_NS

Figure I-3. _ experimental ormxlgeme'nt So, high-:em_orol-re_oluuon meaxuremer.ts r_ _ = 0314 um i.,t.

whic,h lhe _*mvfroot i3 tilled b)' m_m of an a am, to-optw rtlf.
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The outputs of the waveguides are focusad by a 5 × microscope objecti_: to produce a real

imam. Another 5 × micrmcop¢ obj_tive is used at the CCD the same distan_ from the real

image, so the optical train betw_n the output o_ the wavegu/des in the LhNbO 3 and the imag/ng

CCD cells has a l-to-I m.tgnification. A field lets of focal l,mgtIx d/4, where d is the distance

between the two objcctiveg is placed in the plan--_ of this real image to prevem vignetting (to

assu_ the collect/on of off.axis light from tl_ fb_t mic_ost'ope objective at the second m/croscope

objective). A flip mirror h in the optical path b_ween the waveguide anay and the CCD, so the

wavcguide output can be imaged if desired at the:: vidioon ins',ea_ of at the field kns. A second

flip mirror is shown that imaged an individual _avtguHe outpm onto a photodiode that could

he translated in 4] discrete steps to obtain the data from the 41 guides for diagnostic purpose.;.

The CCD and the microscope objective that focuses the light on the CCD imaging cells axe

shown schematically in the rectangular inset in Figure I-5. The CCD was a polysilicon gate,

front-illuminated, buried-channel device consistir_g of 64 columns by 128 rov,_ of ceLls. The CCD

had one imaging row and the next ten rows ¢_r_ used to store the ten framca. The CCD support

circuitry placed a lower limit of 200 ns on the c_ock time and thus on the fr'eme time. The stored
data were read out of the device at a I-MHz ra_e.

The data from the experiment are presemed in Figure l-& For the fiat wavefront being

tilted at the input to the IOWMS, all the interfirometer resolution dements should yield the

same value for the phase angle 8 (or its equival_ at tilt a_e), given on the a_.hszissa of Figure 1-6.

Plov.ed in Figure 1-6 _'_ the mew.surtment error_ (de_4atio_ from expected vatu_) for 10 of the

20 interferometcrs for ten 200-m-duration recast rements during the 2-_-dur_ion deflection by

the AO cell Note that thee phase errors are _.+, than ± X/53. The general tvcixd of an incre_ze

in l_hase error from 0 = -ff;-_ to 0 = -55 ° s_gg-._ts a sy_tu.,:,_tk: error in the e_.z!ibra_on of the

AO deflection. In oblaim_g the dam of Fi_ _-6, there w_ a limited po_- density av_!_ble aI

the imerf_rometer array from the argon ion laser beam gfter it had heen _?at;,atiy fdtc,-eA and

exgaad_ to give a fiat wavefront with rr.asonal ly uniform/nte_ity over the array. _-_r.aii:_e of

this limited power density, there were less then I8_0 sigr_1 _o_ in a ch_a'ge pack_ collected

in the 200-m integration tiw._. From statistical _ ,ufiysis of tl-_ operation of ti_ IOWMS and th_

knowledge of the number of el_.trons, t/_ va!m of the staMard deviation ia the p_asc a._g3e o-(_

is c_culated to be 1.0_ of phase for O = -100 ° _nd 1.5° for 8 = -55 °. The value of _ for the

100 data points in Figure 1-6 is 3.0°, which Lsit reasonable _-temeut wi:h these Frc_k_tions.

The data pregen_d [n Figure I-6 indic,gle t;mt the errors ':n the phaze m_z.surement are very

small. Thus the IOWMS is usdul ia evaIua 'tmg t_ fi_.tn_,xs of the wavefrcmt from both CW and

puhe.d lazers, lenses, m_.'-rorg an_ other opticai ::ompone_Is. la addition, the high temF.oral

resolution of the IOWMS demonstrated by th_ 20_ns fr_.._e time used to obtain the data x_ill

make possible the in_x's'igation of high-frequcn_ y phenomena.

R.H. Rediker

T.A. Li_d

B.E. Burke
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1.3 STABILIZATION OF TIlE OPTICAL PO_ER OF A LASER DIODE

It _ relatively straightforward to dcs_u an elc_._'k'al feedback loop 6 that s:abilLu_ the

optical output from a semiconductor laser diode at a particular level. Achi_ a stabilized

output over a range of optical powers is compS/cat :'d by the fact that so'er_ of the la._er's optical

and electro-optical parameters thai affect fetglback loop design are functions ot r the laser

opera:ir_g point. Variation in these parmnetets is p:u-ficularly strong, e.g., cb.angcs of the order of

100, when the range of stabilized optical powers e_:teads both above and _Io_ the laser

threshold. The basis for this variation is the chang: in the dominant ew_i_sion mechanism arotmd

the threshold: spontaneous below and stimal "a_-d aSove. Variation in an optical parameter,

examples of which are beam intensity and state of pola.dzatioa, requires that the feedback loop

monitoring configuration must be chosen such tha_: the variation has the same effect on both the

usable and monito:x'd beams. Variation in an electro-optical parameter, such as differential

quantum efficiency, results in a loop transmission .'_hat is dependent upon the laser operating

point. Consequently. the feedback loop must be d_gr, ed so that k_v perf.ormance paramet.,-rs,

such as stability and sFced of response, re'main wi'__in acceptable limits over the full range of

parameter variation

A specific application of the above general dL_-"assion is the stabilization of the optical pov, er

in the core mode of a single-mode fiber, i_.depcnd:ta of the state of Im_tLz':_ica, over a range in

powers both above and below la._er threshold_

The common monitoring comq_urat_oa, wh/_2 _ a large-area photodiode mounted ,l_ehL,xd

the back fan: of a fiber-coupled laser diode, is fu_-_e_tally un_it_b_ in this ap_li_,don, si_'_e

the s;.gwal from such a ph_todio,_ is proportional to b_ in-adizmce. A ._iS.n.M propoi-fioral to

beam i_t:,asity can be obtainnd by using _ fiber-o_t/c _litter to tap off :_ pardon of the 6_;-_crd

pov,,r in the laser's ou_.put fiber. In addition, th_ _,,mr_itor ¢onfiga2a'zdoa g_t 7ro',dde

compe'-_atioa for _an,_es in the lazer-to-fiber co_:i '_ng elTmieney, _,xe. this coup_ng is now

inside the feedback loop. The cltdding_mode powder _n be reduetd to Lqsi_n_cew.t levels "¢,4.th &

cladding-mode _tripper. However, it must _ inse_ _od before the fiber-optic mordtor spOt,r, s_we

the sp_tting ratio of fiber-opt_c sptitters is not in L,.encral the same for cla.dding as for core

modes.

Tim magnitude of t_ loop trammiss-ion is di:e:cfly dependent upon the dL_Terendal q _uantum

efficiency. As long as a f_ed re-_3nse time (the ti.---_ requ/red for a c._nge in control kwd to

r_ult in a new optical power le;tl) is no_ requ;.re L this prob!em can be han_ easily by

d_igrAng a feedback loop that k,as the required d::S_,_e of stability at the mzximum loop

transmisdon. Consequently, the loop will be s!e._;._ for lo_er loop trar:smLcsioa magnitudes, but

the r_ponse time will be corre_pondit_gly slc'_er.

A block diagram of a feedSack loop IMt inco.v-porates all of tl-d above f_tures is .,hown in

Figure 1-7. A star.dard, commetdally zvz21abie fi _-er--c6upled laser caFable of launching 1.0 mW

of 1.3-vm optical power into a single-mode optic;d fiber was used. The mode stripper was

iml_lemer.ted by vdnding approximately I0 m of :it.fie-mode fiber _o'=nd a 5--cm-diame_.er
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Fg, x_re I-7. _ _ of the expcri_mJal _ :_,'_for _rollirt_ the op_i_al po.cr from m _i¢oeck_or
i_ ._e,dia_te at opereri_ points bolh ebc_e _q_ t ._1o_.tie. _ thr_,,_.koL_

cy]inder. A commercially available fiber-opti : power splitter was used to divi_e the optical pog'er

into the us_b!c (9_,e) and monitor (10%) fi_:rs. Erda of thee fibers _'a_ coupled to o:¢ of the

two ider_tical, tiber-coupled photodetectors, :.'._o star_ard commcrO, a! cc,:_p:mc:"_. The digital

input that corr_po,'u_s to the desired opt/ca: power _'el was convert_ to analog form _-ia an

g-bit digitabto-anatog converter (DAQ. The_ choice o_ 8 bits for the _ord leng'hh i_ not crucial to

the experiment; among the selection criteria were _ fact that 8 bits _-ould require operation

above a_d below threshold, represent a pote_ti_lly useful range, and avokt being cumbersome to

imp!erector. The DAC output w_ compared _o an _ppropriateIy a_mpi_._e.,,:l signal from the

monhor photodic',dc. The difference was/nl£:!._.ted by an operational a_plkC,.er whose output fed

the tramis'.or that controls _he current t_rot gh the !,_er. The inlegrator time_, con_.,._.nt was

chosen so that it _as the dominant time co_ stant ia hh: feedback loop. The de leop E::i_ was

chosen so that with the maximum different:: :.l qu;:J'_ram efficiency the l,:_op bz-.d at toast _° of

phase margin; tht_, wh_"n the loop is operat ng at a point where the ¢fEc:,e.'_cy Li less, t.h¢ gain

will be tower and the phase margin will app_'oach ih3 "°.

"l'k¢ control system was evaluated by m::_uring the output from ",he main photodetector as a

function of the input sexting to the DAC. A concise way to test the _rforrnar_ of :_ loop over

its enzire range is to turn on each bit ir, di;'i::.ually. Ideally, this should produce a b:,n_-_

L.':2_7.'. ........................................................................
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F_,e 1-3. Perf_ of Lmplemcntmion _ko_ m ,_*_v¢ I-7. The d'z_f_ence betw¢_ the ..hearted and

calculated aptica; p_cr lewIJ, norm_li'Jd by the powe_ m the k_ s_gn(_an., lr_t (I.SB) ix plotted _: the bit

mmtber, acclimated m_duMt;. Dat,_ were taken with tL- _..¢._ _'_mu bit (MSB) off and on-

prcsezs;on of opti_l pwers. Fun,_=r, by re,_r._tn_ [h_ m_asuremenL or_¢_ with the mo'A
sig',aq.¢antbit (MSB) off and then with the MSB .an, it i_ p_sible to compare dire.z_!y the

perfcrman_ of the loop _bo:a two Ol',er_'.tingpo;_ts, o_e below a._d one ak-ove thre_o]d.
Figm-¢ 1-8 i_ a plot of the data from such a mea,:aremma, l_e a_Ctssa _s the bit number;, tL'e

ordinate is the difference between the me_._u.,_d __ue of the optical pov, er a_,d an id-.,_l binary
pro_er, sion of opdc-d powers, norrn-_,_zM _" the optical power of the l__,st _ignificant bit (LSB).

No_e that the _na-al shape of the error carves i_,the same with the MS_ off _.nd om _'hJs
sa_-,X_ts that the ogerating_-p_int-tnduced c.-rors lave been reduced to the p_;nt w.here they are
neE_,igiblecompared w/,.h the error_ in the L-_!Ix-ck .,'oop and DAC. Further note that all the

errors are lr_a than one LSB, and at low powers the errors a_c le-_sthan 0.1 LSB.

C.H. Cox, III
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2. QUANTUM ELECTRONICS

2.1 SYNCHRONOUSLY PUMPED MODE-LOCKED Ti:Ai20 _ LASER

We have demonstrated Dnchronoufly pumped mode-locked laser operation in a Ti:A!203

ring laser. The laser pmnp source was a frequency-doubled Nd:YAG laser-amplifier system

producing a 60_s-tong macropulse that complied a wavetraia of mode-locked 70-ps micropulses

with a 10ns spacing (100 MHz).

The Ti:A1203 laser cons_ed of a l-era-long crystal with faces cut at the Brewster angle and

placed in a ring laser cavity configuration with a 2% output coupling mirror. The cavity was

adjusted for a 5-ns round trip transit time, which was close to half the temporal spacing of the

pump pulse. When the crystal was pumped synchronously at 532 nm _th a 30-mJ macropulse,

which was approximately an order of magnitude above the la_cr threshold, mode-locked lasing at

"-,200 MHz was obtained. This macropulse pump energy corresponds to an average micropulse

pump energy of about 5 pJ at the "ri:AI203 costal face. The mode-locked operation of the

Ti:AI203 was observed only after several microseconds into the macropulse, indicating a long

build-up process over many cavity trips. Durin_ this time, relaxation oscillations were observed.

When mode locking started, the relaxation oscillation frequencT increased by an order of

magnitude.

Synchronous pumping has been limited to operation with d)c lasers and used either a CW t

or pulsed 2 mode-locked pump source. Recent _ork 3 has demom_ated CW mode-locked

operation of a "l'i:AI203 laser. Our result raises the possibility t_.-_ pu[_.'_ synchronous pumping

may be used to obtain signifi._n',ly narro,acd I_ser pulses in Ti:A]203

P.A. Schulz

N. Menyuk
M.E. Maclnnis

2.2 TUNING EXPEI_IMENTS ON A Ti:AI20 j LASER USING AN
INTERF_O_C CAVITY

Work on _e Ti:AI203 master oscillator h._s continued in tb.e direc_on of finer wavelength

selectivity in the electro-optic tuning system. As more intracavity optical components arc added

to the tuner, the incense in iasing threshold d_._.eto the ad_itior.al insc_ion losses tends to

become e×ces_ive; for i_s:ar:ce, a two.rage L_ ot filter of the _ presSou_ly described, w_n

inserted into the Iaser cavity, bringsthe threshold pu,np power to approximately 10 W, compared

with 4 W for the 'bare' cavity, It also has bee_ noticed that extended CW operation of the

LiNbO 3 tuning c_stah _th high voltages apt'_lied gives rise to objectionable photorefractive

phenomena, resulting in a substantial increase in lasing threshold over a period of about ! h.

B_tb problems can be solved effectively by moving the tur'.ir',g optics from the main la._er cavity

to a weakly coupled _e arm, as shown in Figure 2-1. The be.am spfiuer reflects approximately

3% of the main intracavity iraensi;y into the ._ide arm: this loss is sufEzie_t to prevent _as:ng at

13

// _, / _..2- /



(_TIJN%

the pump power letei used, unless the two waves returning along arms A and B interfere

destru_tively at the beam splitter ot:tput (_e Figure 2-1). The resonance condition for the

configuration shown is analogous to that of a Michdson inteffcrom_er _, s_noe only a sn_.!!

fraction of the intensity is coupled into arm B, the ¢ ff._ct of lo_s in this ann is co_ccspor_din_y

rr.duc_d, whi'.c stitl n_2./n_'_ir,Jngthe frequen_'-se.!_ti =_gaction of the tuning optics. At the same.

time, the redi:oed l_g,ht inte,"6/ty in ann E r:._kes the LiNbO_ pi_oto_fractiv_ effect net oi_ta.'_bl¢

over a period of a few hot:rs. V,r_ththe a:_c._men! of Figun." 2-l, tun;ng can ix obiained o_'_,

most of the Ti:AI203 gain curve, shailar to prtvioudy reportt_ _stf, ts. _ A two-_.._£e elcctr._-dc

fiher in_rt_ in arm B caus_ an increase in -lasing threshold _f onty about ! W.

The timing requirements for tbe agile be_.m alh,,_ up to I ms for iarge wave_gth slfifts.

while smaller jumps within a narrow r'-,nE,_must o¢:ur on a microsecond sc_le. _.i_ suggests _be

use of a mixed electro-optic-mcckani_l apprc, ach to the tuner design, which m_y simp_fy the

required optics. O,_e good, city is shown in F;.gur¢ 2-2; the i,,._ction of a Brewster-angle prism in

arm l] allo_ mecF.anical tuning by adjusting the ot i_nhation of the end mirror, Mb. For a fth_.d

silica prism, the angular motion required of the mirror for a 2,_)-nm tuning range is 0.3 °. The

oscillation bandwidth altowed by the p_sm-mirror (:ombi,'_adon is of the order of a nanom'.ter;.,

w_thin this bandwidth, tke desired w'avele,_t_h can then be s_ed electro-opti_lly. "l'he

advanlage over an all-cicero-optic design is that t|;: free sp.zctra! range requirement for _ke

birefringent tuner is reduc-_ by t_vo orders of mag,_.itt_:[¢. Akkough this has not b:en verified y_,

it is possible that just one stage of electro-optic tu_ing with .,:uffieien.,t birefringent bias coi.!d be

used to .select a singJe cavi-y mode

The sp-:ed of response of the mechanical tuning, has been investigated. In the experimen'_

mirror M b is a small glass flat, 5 x 7 X 2 mm in s_z¢, coated with a reflecting multila_er anc_

14

i



t.
_. |

t

]1 i

i_gure 2-2.

B

CLOSE
LOOP

E

A GRAI i_G

_ir_d mectw_.ic_-t_ic ,,un_. D is a position-seeesi_'sitLoz_ pholod_le.

....:!
!

f.

' K,

: i;q,_

,t

i-

i 2

mounted on a galv_mometer-type ,scanner. The dine behavior of the laser wavelength when the

mirror is driven with a step waveform can be determined in the usual manner by sending the

laser beam, aft_ d_ffr'_tion by a grating, to a l_osition-sensing detector, as shown in Figure 2-2..

The tuning tranzicr,.t shown in the upper tra_ _f Fi_are 2-3 exhibits cor_siderable riv.ging due to,

the mechanical response of t_e mirror dri_e. B,:tter damping and faster response t,.'me could be

obtained with a gzh-,_nometer drive of optimun, mechanical design; however, using the

wave!eriCh _gttal fre,m the position sonar in a simple error-correcting _rvo loop (Fi_;_re 2-2)

already y_elds a me_ sati_f_.ctory respome, as ohown by the lower trace in Figure 2-3.

V. Daneu

OPEN LOOP E :

CLOSED LOG"P , : _:" : _"

1ms '[_;V

15 mm/D

Hgure 2-3. Wavtk,_grh transient respcm._ _o a t,?uan-wave d_. .e applied n_ the t:tn_Tcg rm'rror. Upper tracr: opcn

loop respond. Lower trace: with fce_._¢k flora wa_ rlength-_na_g d¢:('ctor ([}gu_'e 2-2.L
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2.3 SMALL-SIGNAL GAIN MEASUREMENTS I_ A TI:Ai203 AMPLIFIER

Small-signal gain measurements have been made on a "ri-.Al:O 3 amplifier using a CW H¢-Ne

laser or a CW Ti:Ai_O 3 laser as the signal ._)urce. M,_:asmeraents w._e mad_ of both single- and

double-pass gain. The temporal dependence of the an, plified signal as a function of incident

pump energy density also was measured.

A schematic of the setup for g_ia meazureme.nts h shown in Figur_ 2-4. The 532-nm pump

beam (10ns pulses) propagates perpendicular to the (.axis within the Ti:AI203 amplifier crystal

A

i.£NS
I

mr_-

tu

f,o

UJ

IPI_OTODtODIE !
I

!
!

:--, • I
! I

.; ,1

CO_ _TF..R P,.OTi'_R

Figure 2-4. $ckeramic of the expe_mental wttr# /roe the _ _eme_ o[ smMl-_gnal doub_e-paas gain i_ a

_i: A I203 0 rnplifter. A frequency-dm_b_,d Nd." YA G l_.r u.rve, _c_ t he _mtp so _ce =nd e_ bwr a C W lf_ b'e laser or

a C W Ti.'AI20 _ wa_ _xed as _ signal tour¢¢. $in_le-pmg_ me_.',:zrer_._ds _wre m_de _long the indic_ed_h wi_h

the tuning mirrors removed and lb.- detector rcpo:._.,_ed.

4
g
g

wkh the pump poladzat/o, vector paralk:! to the c-a_Ss. Ttvz _igna! [,:am from a CW H¢-,';e

laser (632.8 nm) or a singE,-f_q_,._, CW Ti:A_20 _ I_s¢,"6G._4_ nm) prol_agatca r,lmo_t
colline_rly ("-1° angle) with the p.ump beam.

The Ti:AI203 amplifier cr)'stzi was an a_-_o_n _amp[e cut from a boule grown by :h:

gr_ient-fr_eze technique "1at Lincoln Laboratov¢. 1"1e length L of this crystal was 2.1 cm. The

l.l × 1.2-cm e._tranc_ and exit fzces were polished _zt uncoated, and the rc-main/_g fzces were

roughly polished. The c-axis was _ot in the prone ot the entrar-_ce and exit f_ces but. _as rotated

"-'! l ° from them. In order for the direcli_n of prop;:gation of _he pump a_d signai bean:s whhin

16





Fromthedngk--passgain measurements of 790.7 nm, we cut estimate the gain cross section

at the. peak of the gain profile. If we a_sume that all of the pump photons are absorbed by the

Ti 3. ions, the gain cross section h given by oe = (hpp/Ei_)goL w'_re hvp is the energy of a pump

photon. U_ing h_,p = 2.33 eV, Ep = 7 J/cm 2, and goL = 5.2 for the lr polarization at 7_0.7 rim, v,_:
find oc = 2.8 x 10-19 cm 2. Corru:_g for the reP_:ction loss of the pump beam at the input fa_ of

tie cry_sJ yields oe = 3.0 X 10-J9 cm 2, in agreement with previo_ly publRhed values. 8"]0

To d_ the gain anh_-opy betw_n the _r ar:d o polarizations (o is perpend_ular to

the o-axis), a h,_-wave plate was inserted between the _0_trized He-Ne laver ar_ the Ti:A1203

ampliFter crystal, and geL was measured as a function of an#e 0 between the polarization vector

of the He-Ne laser and the c-axi_ The dependencg of 8oL on sin2$ for El, = 3.7 J/cm 2 is shown
in Figure 2-6. The data are fit x_ry w_ll by a straight line co_t with the equation

go = gr - (g_r - go) sjn_ where gr and go are the ga_ for the lr and the o polarLzations,

respectively. From this line, the ratio g,/ge is found to be 2.3.

The decay of the amplified signai I(t) was m*..asur:d to oMzia the pulse v#.dth t;; e, which is
defined as the time required for the signal density to ;:._ch l/e cf its va,'ue at t = 0. The va!_c of

tt/r was four,,d to decrease wi_h incre_ing pump eneri:y dc_,sity. The d_ta points in Figure 2-7
show this decrease for the sin#e-pass experiment at 7¢_J.7 nm.

For the small-signal gain r_gime, in the absenoe of amplif_ spontaneous emission, the value

of tl_ e is given by
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For some applic_tio_ such as a shut_l lidar $3_sten'l, 14 the u_ of d_ _ is

inappropriate. By $umffttq_ncy mixing the output of t_'o Nd:YAG Ixscn, we have generated a
new source of sodium-rc_nance radiation rs that l:as scsm! potential ad_-antag_s o_r dye Insert.

ad_ntages incA_ greater high-power re_a_)ility, better Ix_m-fx_ting stability, near

diffra, fiorv!imited b_m quality, and the _¢qu_sitc _emporal and spectral properties eorLsistent
with eff_ettt use of the available sodium atoms.

lh_ sodiam-rtsmmme radiation has been ger_erated by sum-frtqx.ency mixing the. output
radiation of two sim_taaeously Q-svAtched Nd:Y,kG hscrs, one operating at !.064 vm and the

otlxr operating at 1319 ,am._s "I_ Nd:YAG tgse_ both weft operated at a pulse _petition rate
of i kHz whh pulse l_gths of about 150 r,s and _veragt powers of about 900 mW. The sodiurrb
reso_n_ rad:,ation _ generated in a crys:al of lithium niobate _md had an a_¢ra_ output

power of about 400 roW. a pulse length of I00 ns, and a spectral range of 2 GHz. Figure 2-8 is a
schematic of the sodmm-fluorescence-det_don al__ratus. "life sodium-ct_nano_ radi:.tion was

t 1 TEI¢$O0_

FLUO_IF.S_I_E L£t_S FI'T-FW1:30

POLA_;ZER

_al_aEr i_rr I
lt_MILTE:H _'i_lNF.IL

SUM SCALER

CA-_AC BASED i

COMPb'TER
A£QUISITION

SYSTEM

Fq_a,v 2"8. Sthera_*ic of *b.. sod, ;m-fl.ore_eecl:e-d:lec_on @,F¢,a:_

transmitted into the atmosphere coaxia!{y v.Jth t:_e. di:ecdor_ of the receiving tcicscc.pe which _'_

oriemed _o z_nith. _-h:s te!esco_ had a_ z:e_;_ur ot 583 cm 2 ;.:_,_ a fiEd--of-;icw _;]_tly larger

than the l-mrad dbeR_-nce of the outp,at s_iur :-re_.orx_nce r::J_:_fio_, beam. -i-ae _dmtion

back_cattcrc_,'_ by t_ ca_.-tI:'._ a:mospherc _,_s col :tied by tk:- "-:c_op: and pas_ed t_rough a

0.5-nm-b-v.nd_id'h ir,:¢_'ercnc¢ filter and p?_rl.zt r. This ¢ad_atton :hen _,as :.'r_a_ed onto the

:0
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10-3-4an 2 photocathode of a photomtflfiplier t_e. The photomultiplier counts were recorded by a

mul_ic_nnei _ as a ftmction of the elapset¢ time after the sodi_nance radiation was

transmitted into the atmosphere.

ALTn_D_ A_OV_ EARTH _ra)

40 _ _ 70 _ 90100110120130

200 | i _ _ I | w l 'I -! I
I

I_: 2s _aJGUST 1987

Ileo

.,,14o

i
0

40_

ftg, ure 2-9. So_'Wtum-eey_ww_'erwtknion back$ca_-_ed by tkw eotd_ "__:w_._t_e. Pfiotoeaultiplwr cou_'x_

r_icr_xecond _utgrm_ o_er 2 X 10_ ltiter p-ut_$ _ 71_t.,.d _1 affection of tl_ ¢I¢¢._ed tir_e after t;_ so.dit_eev

r_oemnc_ro_ri_ I_*i_e is rmmmuwd tnto vlw _*_._._ _a.re. 7_w vgnt.l fiocn tl_ soda_nt la)er o_c_a_ as a

row.,d-tri;, 1_,,,_ of _9 Vs.

Figure 2-9 shows the sZ._,nal t,_cei',_! fro_,: the e:_rth's upper atmosp_re. The siomxd at early

ti_s results from Rayleigh scz:ttericg L-t t_ alq'_sp_ere, _hile the peak at 6/'£) V-s corr_F,_-nds to

resonant !_ackscattering from the sodiem _y¢¢. These data were t_ken by in:.egrating a_ the

pbotocoums received over a one-lmlf-hour ti_: _pan dari_g tF,e evening of 25 Au_,1. 1987_ By

us/r,g a cooled hr_,_,-ar*,.a-phc-tocathode phot_.',_i_il_ier, we hope to achicxe noise levels similar to

these produced by the small-arta-photo,_tho6:: pholomul:.ipli_, and also to achieve m_;¢h higher

signal I¢','_Is with a less align.'xx'nt-ser_;:ai_ det..:c'_or.

T.H. J_'s

A.A. B:ailove

W.E. DeFco
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3. MATERIALS RESEARCH

3.1 RESIDUAL INFRARED ABSORPTION I]_ Ti:AI20 _ CRYSTALS

The performance of I_:AI_) 3 la_ers is impaired generally by an infrared absorption that

occurs in the "lascxoutput wavelength region. On -:he ba_-is of data for as-grown and annealed

samples cut from Ti:AI203 crystals gr_."n by the _ettical-grad_t4reeze (VGF) technique,

previously proposed I that the residual ab_.orption is due to Ti 3. - Ti 4. pairs. In this report, we

present additional data tha.t confirm this ior.-pair model for the rt_idual absorption, which can be
attributed to excitation of the M electron of the "]_t3. ion per_ by the Coulomb field of the

neighboring Tr t+ ion and/or an associated A! vacancT.

We have reported I tha_ am_aling as-grown VGF Ti:AI203 crystals at high temperatur_

(,_1600°C) in a reducing atmosphere (an Ar-H 2 nfixture) decreases the residual absorption

without significa:,tly changing the main absorption due to TP" ions, which peaks at about

490 rim, while annealing in an oxidizing atmosphere (an Ar-O 2 mixture) increases the residual

absorption and simultaneously decreases the mair_ absorption. The decrease in the main

absorption, which also _"as observed 24 in carlier experimenks on Ti:AI203 crj_ztals grown by the
CzochraLvki m_2md, results from the oxidation of "l'i3" ions to T "4. ions. It is probable that an

AI vacancy is formed for every thr_ Ti 3÷ ions coa_rted in:o Trt÷. 4 The oxidation reaction is

reversible, since annealing oxidized samples in a |edtacing atmosphere restores the main

absorption. 2a

If the residual absorption is due to Ti 3" - TP _ pairs, the. absorption coefficient a r at a giv_--n

wa_,cle.-.gth in the reg.:dual al_emrp'io_ band will t .'. propc,,fional to the concentration of :t'_"s¢

pai_ ::_d thcrcfore to the product, [Ti3_[T_'t÷], of the T_3. _nd Ti _* concem,.-'ations. We _a-"_

establEhed that t_ absorp,dma coeffa:ient c_m at _he peak _ the main ak'_orption band in

Ti:At203 is proportional to [Ti3*]. 5 If an,_.eaiing |_ults o._y in the converaioa of Ti3. io:_ to

Ti _÷ ions or _e _,_:rsa, without changing the to_a| ."oncentration ['To of the_ ions, then

['l'i_'] = [Ti]- [Ti3"]. This diff,'fence is proportional to (_o -am), whcre cro is the xalue _f ctm
when all the iop3 ai,c in the "lq3" state. In this ca: ,.',

o. = Ca,_(a o - am) , (3.1)

where C is a co=stant. According to this expressiano otr = 0 when a m = 0 or a,_ = a o, i.e., w_.en

the Ti ions are either ail in the "fi4" sate or all il _ TP ÷ sta'.e.

From Eq,,,_on (3-1),

a_am : Cc,m(ao _ am) , (3-2)

Equation (3.2) can be used to determine C and co from data for a r as a fu,-,aion of a m for

samples with constant [Ti], siac_ a plot of ar./Cec_:vs _m wi!l be a straight line with slope of 42

and inlercept of a o on the a= axis.

.'3
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Equation (3=I)may be rewritten as

a_=q(t -_)ll_2m , (3-3)

where _ ---amla o= [Ti3"]!['ri],the fractionof the Ti ions inthe Ti3+state.For a seriesof

samples with constant _ but different values of ['I'i], according to Equation (3-3), a r varies

quadratically with am. For a series of samples with constant [Ti], the maximum value of a r is

obtained for _l = I / 2, when [-I'P +] : ['1-;4+]:

_Amax) =0/4) c_2o (3-4)

To test the validity of the T'r1_ - Ti4+ model, v_ haw measured the dependence of a r on a m for

samples with different values of/3 bm the same value of [-l'i].

The equilibrium ox)_n stoichiometry of Ti:AI20 J, and therefore the eq,.:ilibrium s3lue of ,8,

is determined by the temperature and the 02 partial pressure in the ambient gas phase. Changes

in stoichiometry during annealing take place by the diffusion of crystal defects (probably the A!

vacanci_) into or out of the solid. Uniform samples with various/3 s_lues can be obtained by

annealing in controlled atmospheres at a t_nperature wbere the diffusion rate is high enough for

equilibrium with the gas phase to be attained in a practical time (hours or days), then cooling

rapidly to quench in the high-temperature stoichiometry. If the annealing time is too sho.q,

hog,cver, the sample will exhibit a gradient in t3 in ',he direction normal to the surface. Figure 3-1

shows the results of m_nts on such a noneq_ilbrium sample, which was obtained

fortuitously when an as-grown VGF sample was ant_eak'd at 1600°C in an Ar-O 2 atmosphere. As

shown schematically in the inset of Figure 3-1, the exterior o4"the sample gas colorless, while the

interior retained the chara_eristic pink color of Ti:AI203. The ;ransm'_sion through the long

dimension of the samp!e, which was perpe._icular to the c-axis, was me,x_ured for a Ti:A_203

laser at 7SO nm and for aa At-ion ail-l_ae laser, each focused to a spot size about 250 ktm in

diameter. By making measurements ha the _- po!ark_,tion at d-_:rent p_i,ats along the mid-line of

the end face, pairs of ar and a m val,_es v.._-zedetem_ined for different v_ues of 13 but the same

value of lTd. These data yield the plot of ar vs a m shown i-_ Figure 3-1, which has the parabolic
form ext_-cted for the T__" - "i"_4+ model. The same Lata ha_, been used to obtain the plot of

ar/a mvs a m shown in lggare 3-2. The points fit a ._traight line, as predicted by Equation (3-2),

thus confirming the Ti'* -"fi t model for th_ residual absorption.

R.L. Aggartt_l R.E. Fahey
A. Sanchez A.J. Strauss

M M. Stuf_t_

3.2 Pt-Ir SILICIDE SCHOTTKY-EtAt;II_IER IR :.3ETECTORS

To fabricate Schottk_-barrier infrared (IR) det_:ctors, a si!'_cide-Si Scho'tky d,.'ode is formed

by depositing a noble metal film on a p-t_Te Si substrate, then anne-,dir, g to convert the metal to

the corresponding silicide by reaction _-hh _he subsirate. Platinum silicide (PtSi) detectors have a

barrier heiE_._t of 0.22 eV _nd a cutc.ff wa_'_'en_h c,f _5.6 /_m_6 Imager arrays containing more
than 250,000 detector e|e_;ents have been demonstr;_ted. 7,8

24
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There is strong interest in extending the response of Sehottky-barrier detector_ into the

spectral hand from 8 to 14 urn. Iridium sil/cide p_otcdiodes have the pcaential for achieving such

an extended response, dace barrier heigh',s of 0.I25-0 152 eV, corresponding to cutoff wa_lengths

of 8-10 tam, have been measmedg, t0 for such devices. Howe_r, h" silickle deteclors have poor

diode characteristics and low quantum e,q'icier,_i_-, ar, d their characteristics are not reproducible.

These properties are explained by the. poor quality (_f the s/,t/cide.-Si interface, which can be

attributed largely to the fact that Si is the dominant _!iffusing species in the reaction between lr

and St. !1 During this reaction, therefore, native oxid_ _or other contaminants initiM!y present on

the substrate surface will remain at or near the interf._ce. Furthermore, Ir tends to react with the

native oxide to form lr oxide, which can form a diffi:sion harrier that impedes the formation of

Ir silicide. In contrast, Pt is the dominant diffusing s>o:ies in the reaction between Pt and St. ti

in this .report, we describe the perfom_ance of siicide Schottky-barrier detectors formed by

successive deposition of P_ and lr i'_ms. T_ese P_-Ir ]evices have significantly bet_cr diode

electrical characteristics and quantum effic/enc/es tha_ It-only control devices, and their cutoff

wavelengt_ reach 9 urn. Ftmhermme, the properties of the Pblr diodes are uniform from wafer •

to wafer and reproducible from run to run.

Devices were fabricated on p-type (100) Si wafers with a resistivity of 30 fl crn. Figure 3-3 is

a schematic cross-sectional diagram of the dev-_'e str_cture, which incorporates a p" substrate

contact, a silicide electrode, and an nqype guard ring around the periphery of the sil/cide to

suppres; edge leakaF,.. The silicide _as formed by sequential electron-beam depofition of a Pt

film 5-10 _ thick and an Ir film 10-20 A thick, followed by furnace annealing at 4,_3--5_°C in N 2

ambient. To prepare centre! de_A_s, onb" a s;.ng!e l_:¢er of either Pt or lr, "20 A thick, was used.

!
t
|

t

I_-Ir _;;IUC|DE

/ SiOz

T p N [lO'.q T

tttf
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Ftgta'e 3-3. Schenfati¢ *.:n_'ture of silictde ._'l'.o.k r-ha. ri_r infrcred detector with Pt-lr _ih.qde electrode.

The devices were mounted in black ceramic pa, kages _,i:h a throughhole to expose the Si

subslrate for opti_l characterization. FigJres 3J.(a) and 3-44b) show forward and re',erse dicv'3e

c.b..aracter_tics measured at 77 K for P:. It. _d two Pt-lr d.,:-_ces. The total thickness of metal

deposited, ~20 A, was approximately the same for ;11 devices. The Pt and Pt-lr devices have

."6
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F_-,re 34. (a) Forward and (b) reverse current-voltage charactermio at 77 K for P_. It, and Pt-lr s_ic_-de

good forward characteristics with near-un_ity ideality f_etor,x, while the Ir d_ee has a higlL ill-

defined ideality factor and h_gh _erie, resi_nee. All four devices t_ow gocM r_ver_

c_stics with breakdown voltases exc_--'_i_.g _ V, but. with ir,'reasL_g reverse b'_m,, the

iea_e current inetea_ more rapidly for the lr d_Mce tkzn for _= odxer_. The Scho:tiy ba,_cr

5eigLxs deduced from the diode saturation current densitie, z_t 77 K are 0.22.0, 0.108, 0.163, and

0.160¢V for the Pt, Pt(10 A)/Ir(lO A), It, and Pt(.5 A_/Ir(Z5 A) device,, r_pectivcly.

The detcction of radiation by silicidc Schottks-barricr device, takes pMc¢ by the process of

interr.a] photoemission. Photons incident on the Si substratc are transmitted through t.he Si and

absorbed in the siiicide, where thcy produce clectr,_nohole pairs. A photocurr_-nt is _cnerated

becat.'se a certain fraction of the holes wi:h cnergic_ exceeding the barrier Might at the silacidc-Si

27
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interface are emitted into the Si. The detector responfivity R is gene_lly given to a good
approximation by13

t=¢, (,- /!.24 I ' 0-5)

where CI is the emission coffficient (in eV-Z), ¢, is tl_:: barrier height (in eV), and ,k is the
wavelength (in/_m).

For the devices of Figure 3.4, we haste measaxr_ R at a series of reverse bias voltages
between 0 and 50 V over the wavelength range from 1.3 to 6.0/_m. Both R and the cutoff

wavelength increased slightly with increasing bias. In Figure 3-5, the values of g measured at a
reverse bias voltage of 50 V are plotted against }, for the Pt, Ir, and Pt(5 ._)/lr(15 A,) de_ The

solid curves in Figure 3-5 were calculated from Equa{ion (3-5) by adjusting tI_ values of Ct and
to give the best fit to the data for the longer wawleng_bs. For the Pt device, CI : 0.23 eV-t

and the cutoff wavelength 7,_--!.24/¢, is 5.9 #m. The high C! value indi_tte_ that both the PtSi

layer and the PtSi-Si interface are of excellent quality. For the Ir device, the C I value is red_w:ed
by'a factor of almost 8, but X¢ is increased to 8.4 #m. For t_e Pt-lr device. _c is further

increased to 9.2 #m, and Ct is about three times larger than the value for the ir device.

The exper_mentaI data of Figures 3-4 and 3-5 sl_ow that deposition of art extremely thin Pt
layer before deposition of Ir yields Schottky-barrier d_=to_ with much b_er ¢leetri_l

>.
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Figure 3-5.
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dzlzsctcristi_ and quantum cffi_ than tho_.c _ tbc contxol lr devices. These clmnges can
be sttritmltcd to improvzmcnts in the matcrial qu_tir;, of both _ ulicid¢-Si interface and tbc
sRkid¢ Rtm that occur bcczmc the Pt layc,- r_uccs _c effcct of nativc oxk_ and o,_.cr

ccs_tamimmts in_tisily _t on tbc Si surface. TI:,¢val-_ of @ for our control Ir detectors is
soazcwk._ bJ-._hcrtlmn tbc iowczt rcporz,_l values,9.1_ prolmb!y bccsusc th= mazcrLsl c,t.ali-ty of

ttc_c dzR_ors is no_as _ood as the b_t obtzincd _eviourdy.For tl_ ]Pz(5A)/Ir(15 ._) d_tcctorz,
@_ sl_y smallcr than _ vsluc for the control l_ device_ For tltc P_IO _,)/lr(iO _,/dclcczo_
@ _ sor_wb.ztlar_._rtitanthevalueforthecontrol_:dcvic_ butrczn,_ins_[l below_hcvalue

for thc control Pt dcvio_ It appea_s tl_at thc impro_cmcnt in matcrizl quaiky obtair_d by using

Pt tends to dccrc_c q_,v_ incorporation of Pt in the siFtcidcfdm tendsto i_rcasc O-

B-Y. Tsaur

!
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4. MICROELECTRONICS

4.1 NEW Mi_E BUFFER FOR MiC_GN- AND QUARTE_-_CRON-CA'[E Ga?J MESFET._

A _ buff_ layer hax been de_o_ that ¢'_tcs b_k_ti_g _ GaAs MESFETs and
subs_m'_ r_ short-cL,anaele_fectsi_GaAs _<!;F,SFETs _._ 0_7-pm-louggaits.The new

buffer is grown by molecular _am epitaxy (M_ ax a s_bstrate temFarm_ of 20_C using Ga

and As4 beam fluxes. The bmfcr is ctystallLne, hi?_bj resistiva, optically inact_'c, a._.dcan L'e
overgro_a with high quality GaAs. GaAs MESFETs with a gate iet_gth of 0.27 i_m that

incorporate the new buffer show improved dc and RI: properties in comparison with a similar
MESFET with a thin tmdoped GaAs buffer.

To demonstrate the backgating performanceiml_rovement affordedby the new buffer,
MESFETs were fabricated using a number of differc_'t buffer layers and structures. ! A schematic

cross section of the MESFET structure us_ in this :tudy is shown in F'_xe 4-1. The mcasmcd

gate length, gate width, and source-drain spazing of _bis device are 2, 9g, and 5.5 pra,

rcspectivtly. An ohmic c_.,.ta_,'t,isolated from the MESFET by mesa etching, served as the.

.7

J

I
l
t
I

sid._g_.t_.The .MESFETs g.ere fabricated i_ _*,I_En_aAs layers grown gpon the a_, buffer a.,'.d
also ia _dBE n-G_,As layer's gr_'_'n :'-port_lf:r iay_ of und_p_d G'_x, AiGat_-.s,a_d OaAs/

AIG_.,_/'_ra_r!aig.ees. All the b".'MI'_layers _,_:re grown by MBE and are 2 ,urn thick. The active
layer is doped to approximately 2 × 1017crw 3 with ;ilieon and is 0.3/zm thick. MESFETs
were fabncatecl it_ commercial vapor phase epitaxy r-GaAs i::yers deposi'.ed on _:mi-imulating

(SI) Gratis substrales and on layers made by dire_ i ,n impl_atation into the SI GaAs su_t:ates.
The gate recess depth is roughly haif the _five laye_ thickness, and mesa etching w_ used to
isolate t__.dcvio:s. The ohmic contact_ are alloyed ._:i (or Pd)/Ge/Au, a.,xl the Schottky con:act

is Ti/Au.

31



The most dramatic improvement in device performa_zc¢ provided by. the new blfffer is the ___

elimim_tion of backgating, _ illustrated by Figure 4-2. I The normalized Iz,s is plotted versus the tl
applied b_kgating voltage VBCr A sidegzte spaced 50 _n from the MESFET and V_ = 2.5 V *_i

are used. Data obtained both in the dark and in white }ight are shown. The lines in the figu_

are included only _ a com_nicnce in visualizing the data.

I I i .m
__-------,, ..... -----, ',,-----,,_,,_.o.E. - ,,_

| _ - _.,,. "'--..,. _, C._a._l._o4sGao_sAs

•_( o._ "_: Ig \\

04

580_C (;eAt
02

v_s. 2 s v _"

o -,o
BACKG:_T1NG VOLTAGE IV) m

F_ure 4-2. Batttg,u,ng chor_'tcvi_tic_: l_." MBE buffer, uadoped G,r,As. b_ffer, and

,mdoped superlatrice b,_ffer. The solid lu_e_ i_-._cate l_e results oblained in ear dmk _nd Ih_

da_J_d l_ in t._ fighL

Figure 4-2 compares 5azkgating MESFETs fr_brictAed in ",,_tiv¢ layc'rs on the new buffu with _

backgating in MESFETs fabricated in active layers on an undoptd GaAs buffer and on an

undoped GaAs/AloasGa0,,As superlattice buffer grow_ by MBE at 70_C. Both GaAs- arm
superlattic_-buffcr.ed devices show backgating and light sensitivity, white ;.he device _ith the new _'

buffer shows neither. Ahbough not sho_,n here. MESI:ETs faN'icated L_Jng all of the other

buffers shov, light sensJt__zy and back_7_ating. Of the ",flIernative buffers, the AlOaAs and

superlattice buffers gro_n at 700°C appear to be the best..C¢_'_
Although the data preser,,cd in Figure 4-2 gere obtained using a s_.degace spaced 50 _=, t.,

from the MESFET, a sidegate spaced 15 am from the MESFET aL. was used. For -50 V ¢,,'%,

applied to this sidegate a_-d Vds : 2.5 V, the new bulfered device slit! sho_ed r:o back_a!i.n_. ._'{
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and RF meas_is were made on this device.

In Figure 4-4 are shown schematic cross so, ions of 0.27-_am MESFETs m_a]e ,rkb the e :='

buffer am_ Mm with an undoped GaAs b'_fer. The _t'trting mat._l is SI GaAs and a!l ep_axLql

layers were deposited by MBE. The devioe with the u_doped G_lat buffer has a 33r26-A-th/xk

buffer Iayer, ._ I200-/_-'.hick z_tive layer doped to 6 × 10_7 cra "3 with silicon, zad • thin hr.a_y

doped n÷ GaAs c_p la),_r doped to 2 X 10 I8 cra -3 with silicon. The device with the new b_fer

layer has • l-i-_ra41_ck buffer, a 100-A-thick undoped GaAs region that has a pl_ar (impu!_)

doping of s_1_o_ hallway ibrougb it, a ]2_,O-Aqhick ;:¢tive layer don to 6 X I0 I? m "3 v,_fl_

silicon, ar, d a thin n+ cap. The silicon t,!:_ar doping of 4.8 X 1012 _3 -2 is inc!a_ed in the _eC_ce

with the new buffer to increase the tran.w_nductance _ near pi_h-off. The t_tes _,-e r_c:_-_e_ to

a depth that yields the same drain-source current for both devicet, and mesa e_ching is used fc_r
device iso_tion. The o_mic contacts are _21oyed Ni/(_e/Au aM the Schottky coniac_ is Ti/Au.

Improved RF performance of Lhe 0.27-_m MESI:ET incorporating the _ buffer ako ha;

been observed. The maximum frequency of oscillatiol_ (f,_) aral umty currenl gain freque_-_cy

(fT) have been e-Mcula_d from the measured scatterir, g parameler_ anti ase shown in Tgble 4-t.

33 ,.,'
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(a)

n- c._u_s n* c_s

(b)

|

TABLE 4-1

Summary of RF Results

0.25-/_rn MESFETs

Undoped M_E New ME;,e
Buf/m Buffer

12.010.4

26

80

Maximum Stab,'e (dB)
Gain at 26 GILt

fT (GH'_)

f,_, (GHz)

28

91

The maximum stable g_ia (MSG) m 26 GHz fc-r the new MBE buffered device is 12 dB, and

fmax and fT are 91 and 28 GHz, reoectively, fcr the new MBE buffered device. Them restarts

were measured for Vat : 2 V and did nm cha_',ge appreciably for Vd= up to 6 V. Tl_es¢ vadtte_

of MSG, f,-r..ax, a2_d fT for the MESFETs using _ new buffer _.re significantly ix_,t_ than zhes¢

measured on compaxabte MESFETs using v,n uMoped MBE GaAs buffer and ,-_-e amoag _he

best _e have me._sur_i for MESFETs fabricated by the same p_ocess with a ga',e L_-.,g'd_ of 0.27 _ra

F.W. Smith L.J. Ma_o..',_. •

A.R. Ca!awa MJ. Manfr_

C.L Chen
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4.2 ADVANCED DEVICE FABRICATION WITH ANGLED CHLORINE

ION-BEAM-ASSISTED ETCH'_G

Angled ion-buun_ed etching (IgAE) has been used in conjunction wi_ a variety of

lithographic technklue_ to produce stntctar_ in GaAs and OaAIAs with controlled sidewall

geometries. We cexttntly ire utilizing thi_ tcchnc_logy to fabricate vertical FETs, resonant

tunneling transistor% surftce emitting Paser array_ and quantum-wix¢ st_

The ba_c chlorine IBAE and angled chlori_c IBAE procgssc, and equipment have been

described dsewhea¢. 2-4 For this work, v,'c ad_ustz.d the system operating Faram,--ters to give a

aormal-incident etch rate of 40 to 50 nm rain -I ia GaAs. We ol_rated the _ystem with a 508-eV

argon ion beam at a current density of 0.02 mA cm -2, which gave an argon ion beam pressure

of 0.l reTort at the sample surface. The chMrinc beam pressure at the sample surface was

2.8 retort. With tlu_ paxameter_ the normal-ircidence etch rat_ for AlxGal.xAS with x from

0.08 to 0.80 were 40 nm min d to within ]0%. No roughness was observed at GaAs-AIGaAs

heterointerfaces. "l'he ma_king materials were ba&ed AZ-14?0 photoresist, pyrolytically depo,,t_

photphosilicate glass and evaporated nickeL The respective etch rate, for these materials we.re

4.7 tam rain -I, 1.2 nm mia -i, and 0.4 nm rain "!.

The technique was used to fabricate a mon(_Lithic two-dimensional GaAs/AIGaAs laser diode

array with light _ion normal to the surface. This was aecomp;ishcd by fabricating an array of

edge-emitting quaatum-_v.[l doul)le-heterostruct_re l_ers w_,th deflecting _._.L_rors adjacent to the

laser facets. 5 A l_.scr _way is shown sehernzticatty in Hgure 4-5(a). The f, rst step in the

fab:-;2cation of the array was to etch the ia_.,'_r f_cts. With photort_ist as an etch mask, ctdorine

IBAE was used to _ch pairs of maid,t-sided g_ oove_ _hich were 2 ktm _'iJe and about 3 Vln

deep and "_ercparallelto the (01 I) cleava,._cpla_e. The outer facetsof c-,,_!_pair of grooves act

as the mitzors for the rows of laser cavities, which are 250 _tm lou_ Li_.,._ about 3/zm wide

imm_iate_ adj_eat to the inside rdge of on_ tif the ctcl'.ed grooves in ¢ex-h pair then were

opeaed in a new layer of photoresist, aad parabolic dcf]cctors for one _,cle of each Izacr row

were formed by continuously varying t_kc tilt an:gle durL-_g etching to form deflectors. The

:lefL-_tor mirror for the other side of each laser row was tLen formed in a sim_lar manner.

Further details of the p-me, sin 8 arc contained in Reference 4.

Arrays consi._ting of 20-39 laser elements w::re clcavod from the wafer, mounted for testittg

and cvalu_cd dttring pr2sed (100-ns pulses, i-k_{z repetition rate) operation. Figure 4-5(b) _hows

the near-Fu:M pat_cm c.,f a 22_lemcnt affay con,_ing of two rows of I l laser elements bosded in

par :a!lel. The middle sp:>ts arc actually a combi:a!ion of the outtmts from one end of a laser in

each row and th,:_forc appear Iarget than the c, utside .--pots. The thrcs!_o!d current for the

entire array was about 3.5 A, corresponding to _n averzge thrcshhoki current for each laser

element of about 160 mA. The differential quartum efi_ciea_cy vats abot:t |59"c- The peak output

po_r was 1.6 W at 10.5 A.

The fabrication of _:rasmall GaP6-ba_ed s:ructure.', h_ pro_ed rapidly in the past

several years. V_'e have ",z_ed masked ion Ix-am h,thogra?hy (MIBL) in combination v, ith an#_

chlorine IBAE to l_rod;z_ structures in GaAs _ith dfl_easmas lcss than 10 rim. 6,7 In our
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Figure 4-5. (a) Schematic di_o_am of a _,or_oliihic ru,_ace-twtHting tx, o-d_ter_io_¢]

GaA_/ AIGaA., Lz_ =_de o_a), and _o} m,_. r-f, tld Fatt_ of a typical _,ray.

approach to fabricating s_w..hstructures, MIBL s first used to pattern submicrometer fea.'u'resin
a PMMA layer that has been spun oa a GaAs _ubstrate, and metal evaporation ar_ lift-off is
used to transfer the de_!oj_-'d PMMA patterns to a metal etch mas.V. An ir.itial chlorine IBAE

etching step then is performed, creating feature:_such as columns in the substrate, the metal mask
is remo_ed, and the columm are thinned with ; n_ed chlorine IBAE. To demo_trate the

technique, we ha_e patterned a Ni etch mask c:msisting of 80-rim-wide by 1.8-/zm-long
rectangular boxes on a GaAs substrate, etched _Se substrate approximately 0.5/am d_p to form
columns, removed the r_k. and then thinned he colurr_"_ to widths of less than I0 nm.

Figure 4-6 is a schematic die,ram that illustrates the thi=ning process. The technique etches
smooth facets in tapered GaA% AIA_, and AIGaAs stru_urcs without modification and is

therefore useful for fabricating quantum wires ;:3d boxes from GaAs/AIGaAs quantum-well
laye_ tor optical _udies.



Figure 4-7 shows SEM micrograp_ of the stn,ctur_ produced in GaAs with the technique.

Microgr,_.h (a) shews the 80-nm-_idc stva_urcs rc-ultL'_g from the init_-I no.,'maJ-i_cident

chlorine ii}AE etch, wh'_'..¢n_.icro_;xaphs (b), (¢), ant (d) show the rczaltz of -_nc!e etching the.

colu.,-zns shown in micro_aph (a) for 1.0, 1.5, and 2.0 mia_ "[%e re_alting columns have w_dtlL_ of

40, 22, and 9 ran, rcs_-'dvcly. As .¢hown in the mJ:_o£-'ap'as, tb, sidewa_ of the co!umns are

fairly smooth. The cotumns of mic.,'ograph (d) arc ;o thin that some of tSe_ electrons of the SEM

pass through them to image the substr'zte on the o?po_ite side, giving t.h: colurm_s ). ghostly

appearance.

A high speed resonant tunneling transistor ha_ been proposed by Sol!her et aL _ The

transistor cons_s_s of a double-harr_.r GaAs!AIGa/_s _sonant tunn¢fing _ruc_ttre _,ithohmic

contacts on both s_d¢_ of the str,_cture aM an ohn_a¢or Schottk.'y l:arr:._r contact to the

4-rim-thick resonant wc]l for controlling the current throtu_h the device. The major problem in

the design ef the transistor is making contact to _e 4-rim-thick wcU. Anted ch_o,'%c IBAE in

combination with molc_Eax bca._ cpkaxy (MBE) ni_t facilitate the fabrLcadon of such a

trans_tor. Figu;¢ 4-8 shows a schc.me for making _;uch r device. A__ shown in the fi_ur¢, an_.lcd

cldodne IBAE would bc used to form a _ct of finy.-rs _3 an angk_d _ slope. After the fingers

arc d_fin."d, MBE wou_ be used to grow a r¢_,onant tunneling x',n;ctur_ over them. Depending

on the sidewall angle and crystaJlegraph._c dircct_o _, a do'Jblc-ba=r;,cr resonant t_nn:ling structur_

would be _cv,-nev_."_hefingers,*,iththe thinba:riersat,elwellfor the d:viccpla_:....don the

sidc,_alland thickerbarriersand wellfezthe corn:_ctplacedon the ho,,izontalsurfaces.The
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angle of the sidcwa|| woutd be sdected to eahaa( e the growth rate diff'eterwe between the

horizontal and side_w.dl surfaces _rui er,.sare the t_-5 .ty o5 MBE to incorporate Si _th low donor

compensation on bot_ growing surfaces.% l0 We, ;_s ,_-dl m c_hers, httve been ab!c to grow

quantum wells with MBE that follow tl'_ surface mo."plralogy of wct-etd,,cd chtmnels.lt, 12 Sirme

chlorine IBAE is primarily a chemical process wi:h m_h _ sttrft_:e damage than res_dve ion

etching, we have been able to grow ox_'er planar t tch.*__.d.¢_.._rfaeeswith .MBE after a minor cleanup

step. Fibre 4-9 shows a sketch of a firLt'erqype te_ot_.at tu,,meling V.rtmturt along with t_veral

SEM micrographs of an etched set of 12ager_

The angled chlorine IBAE technkF_ also le_,ds i_lf to the fabrication of vertical FETs.

Although several groups have attemlned vertical FETs in tim p_t, the ingle chlorine [BAE

techniqt_e has not been emplo),ed.t3J s Figure 4-10 sbo_ a sketch in cross u_ction of such a

transistor. The conta_ techniqt_es are similar to _bose of the resonant tunneling transistor. The

trimming of the device to adjust the pith-off v( itage is performed by an angled etch thstt

recesses the gate.

The above examples demonstrate the _rsati_ity of angled ch!ofir-" IBAE as an advanced

device fabrication method ta the GaAs,'AlGaAs rrmtena.li system. The ability to control the
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_o-_ of _ in t_s m_z_Is _ prtr_-kl_ t_o_ ptra_-t_r thai can b_ u_d to

optL_z= d_=wic_performance. T_ u:chnique is _L_veJy straightforward to imp_t and the

¢_uipa_:at can be consu'u_ from off-th.c_-shclf iu:ms.

W.D. Goo_u_ M.A. Holli_

S.W. Ping J.P. Donncily
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Figure 4-11. $s_tehed-cap_cirow iosvpauj flh,r. (a) Co_:.¢ptu_d repros.ration. (b)
Rt_imaon with _IOSFET reefer _,e,t _ :_1by r,o._ ¢toda,

A test structure ,'or. tbSs filter _ i_laded o_ ¢:ach FET chip. _ mpon._ of one of _e

structures is _hown in Fig,_e 4-12 along with the re;att of SPICE _im_ performed w_ile

des_.'gniag the chip. The me_ured rt_ponse L_in quz l_tatJ_ a_,.-reem_,t wi'da the simulatioa,

although the input amptitt_ and. freque6c/were n,:,t the szme for the fimeAation as for the

measured response. The ck_,c,kfeedthr_ug_ _ on !_o_ the sim_ a_ the mea._u."ed

wavcforn_ iscaused by c;'_rge stored on t_ I_J.c el" Q2 az_dcan be rectu¢c_ by making C l _nd

C 2 htrg_,, by reducingthegate attar of Q2, or by a combinz6on of the two.

T_,ing of a SAW/FET with =n SCF hatrgr_elwith r._chof the 700 sensef'mgerslua

_oma a 3-dB reduction ha |puriom interm_u/atio_ _ produoJ. Some add/tionalimprovement in

Ix-rforma_ce may be obt_ned by optimi_'g the S(F char2cteristk_ throu_ refinement of the

switching rate, duty cycle and capacitan_ ratio.

D.L Smythe
V.S. Dolat

::!i
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5. ANALOG DEVICE I'_ECiLNOLOGY

5.1 RF SURFACE RESISTANCE OF YB_2Cu3OT. x THIN FILMS

The excitement eng_mdcred by the discovery of tl:e new high T c oxide superconductors I has

led to much speculation about practical appl_cadom cf th_n fdms of these materi_l; Ln _ and

a_"Jog elc_ronic derbies.2 Most of these envisiora:d a_plicatiom invoh_ high freqLu.'r_y s/gnfls.

for which a dctai!ed knowledge of the surf, ace impedance of the novel _pcrcondu_ors is very

iraL:,ortanL

We ha-_ measured the surface resistance of thin _.lms of YBaCuO in the frequency range

0.5 < f< 17 GHz m_g a stripfine-resonator met,hod. The stripline procedur_ also was tz_ to

measur_ the surface resistance of high quality gold ard aluminum films; the resistance values

obtained agree with values predicted from the measmed dc r_sistance using the Pippard 3
formalism for the anomalous skin eff_.

The Y]3a_O fiknswere Dr_uced by a muldlayrr deposition process. The deposition

method has been dc'_-ribedin detailelse_,here4 and _e only pre_nt herea cursorydescriptioncf

it. The films are-formed by e-beam evaporation of 2A la_rs .of Y, Ba, and Cu. Fdms with the

highest transition temperature were obtained using yt:ria-stabil_ zirconia CYSZ) substratcs. The

reWvant pcuame_-rs for these fdms ar_ shown in Tabl_ 5-I. After deposition, the films an:

transferred to a furnace where the3, arc annealed in Cowing 02 at 85_C for 2 h. The fa_

then b ttrrned off and allowed to cool to 100°C in about 16h. Auger profi_ng of the films zr,--,de

by _'_ process _o_ tk_.t _e cm_,Amfiom of Y, _, Cu, P2_d O arc uniform to within I%

throuf_hout the thickness of the film.

I

TADLE _-1

Thin Fiim Parameters

Number of Layers

Thickness ef Cu Layers

Ba Layers

Y Layers

Auger Composition

X-Ray Diffractome_r

TdR = O)

Fi_m 1

24

247 .A

84o t

Ba_Y_79Cu3

Polycr_stalline,
No Preferred

Orie :-.ration

72 K

Film 2

24

246 ,_

730._

Bao.gY_ .53Cu3

Polycrys'talline,
No Preferred

Orientation

63 K
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A cross section of the slriplim¢ rcr,o_tor is shown it. Fqpare _l. Tic _lJcture is fm'_d by

three sul_lrates. The top and ¢¢'alrM sub_trales are (1 l_0) sapphire with a _'_O-]t f;,lm.of Nb

deposited o_ them. The Nb on the cer.tral substratc I_: teen lmttcm_ as a meander _¢ as

indicedod in Fig'JR 5-2. The lower YSZ suhstratc supff_rt_ the f'd_ of YI_CuO that arc being
ev_t_ted.

The g_ at the ¢t_ of the racander line provide ,gpacifive c_pl/_g to the cem'ral ggtioa

of the lha¢. The _truct_.,¢c t--mma_ts at frequcnc_.s for ,_:F_ _e lcngh'a of the. line corn_,_,gzd; to

int_! m_dpics of half of tic w,_)cl_g_J_. The Q at _ rcsom_m_ fr'_ is evM_ by

raca.s_t_g the frcquctg T response of the resonator us_g a mtwork _JTzg'r.

/_0_ '= ,

Ftgd_ _-I. Cm_ ._-ctio_ of the :_a,oti_e re_c_o._or.

Figure5-2.Meor,.ger4ineI_:'.: "nused for the cew_r tond_ctor of the re_o_ator.
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"l'b."quality factor Q can be expressed u

Q-! = Qc-I + Qffl + QL-I (5-1)

where Qc i_ a._ociated with losses in the conductors, QD with los_'s in the d_ekctric, and QL

•with tie Ic_din 8 of the resonator by the e_mal raeasureng_.t ch-c-_;it.The gaps in the center

conductor are chosen to gh,_e a sufficicntiy weak coupling of tb" resonator to the external circuit

that the QL term can be ignored. Also, the dielectric losses in our sapphire sul_tr_t_arc known
to be much s_mller than the losses agsociated with the Nb cor_d_ctor over the freqt_cncy rar._-e

0.5< f< 17 GHz, so that QD>> Qc . Thug the _ are almosI entirely due to the cond_tors,

and we may write Q = Qc.

The surface resistaace of the YBaCuO ground plaa¢ can be obtained from the rne.,asure_ Q

by noting that for a transmission live reso_tor s

Q = nf/acV p (5-2)

where a¢ is the amplitude attenuation constant for the line, Vp is the phase velocity, and f h tI_

resonant frequency. Since the stripline geometry, used is esscntixlly a TEM tar,._ttre, Vp = C/zrl,'2

where _r is the effective relative dielectric constant of the sub, trite.

RelatL'lg a c of a superconductive stripline to the surface: resismpce of t_ supc_onductots

requires a detailed knowledge of the distribution of cu=rents in tbe central cond_t:_or and ia th_

ground pI_nes. We proceed by observing that, in all o_r nw.az_._emcnLs, the quality factors
measured for t_e resonators containing a YEaCuO ground pla.-_¢ were signhqcant!y smztlcr than

those obtained vdth an all-Nb stripline. We c_,a then consider all the losses ,asw,c_ated with the.

mezsure a Q as _ing due to the YP,aCuO ground plate. Tt_ surface resistan_ Rs is retat_ to _c

b:
1 "* [J_.(x)]2

where the integral reflects the power loss in t]'.f groun:J plane per urlil |_lgth in the direction

of the power transmission. Here, Z o is the ch_-r'_-teris:ic im_-nce of the line, J_x] is the

current distribution in the ground plane, and I is the _ote.l curr,enL The g¢orae'.ry is as shown ia

Figure 5-1.

The distribution Jg(x) can be calculaL,'d numerically usi._g an image me'.hod. 7 Alternati';e_/,
Equation (5-3) can be eva_ua_ed simply using an incre_ncntzt m5t_-tance method first sug,:_e_:ed by
Wheeler. $ A detailed account of these calculztiom wil! be presented elsewhere. For our cas-_ with

w = 150 tam, h = 880 _tm, a conductor thicknes_ of 0.3 _m, and _r = 10.1. we obtain using eiw._

method

a c = 1.93 R_(fl) m"1 (5-4)

The surface resis:ance R s of the YBaCaO ground plane may be relzted to the _rgasur_J Q of

the resonator by combining {5-4) and (5-2):

R s = 17.3 f(GHz)/Q ohms (5-5)

!

!

t

!
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Note that (5-5) is _neraliy applkablc to any material e_i for the bottom/pound plant provided

that the losses in the material arc much greater than the loss_ ie Nb.

To ch_ck the stripline mcasuremem method, w_ e_,Jtu_ed the surface resW,ance of a pare

gold fdm and of an aluminum fdm that ha_ rcg_dvity ratios P_fI"= 300 K)/R(T = 4.2 K) ]azTcr

than iCO. In this raise, the surface resistam_ is limited _t liquid hd2am tempe-atures by the

anomalov_ skin effect. In F'_ure 5-3, we haw indicawd the ex_tal _ for the YihCuO
films as m:l as the n_asmed values for AJ and Au f_ The theorc_k:_ curves _rc _r,_d

from the aFpfication of the Pippard fo_da. J As we _¢ from the graph, the ex_ results

for both Au and Ai fall within ¢xpe_ error of tt_ calculat_ms, huiicating the va._i_y of
our mcasurtment methc_

In order to evaluate the losses of the YBaCaO up to its transition temperature, a _,rip4L_e
resonator has to be made in which all the cond_-zors _re YBaCuO. The d_clc_ric lo'_s_ of the

YSZ then ha_¢ to be evaluated to assure that they do not domimte the condt_or _ We

have used the same striplinc method with Nb conductors depo_itcd on YSZ to evaluate Lttc loss

: tangent of YSZ at 4.2 K.

M !0 °
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T:42K

1 I | ! Yf| | I 1 I _ I t;_| 1
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l=iture 5-.I. Surfiwe re_ist_mce of r_uo. A_ _ A'j'dm_ e_ _ _ of f_u'7 at 4.? IC

1"!",¢losses measured in thLs resovator w::e two ordcr_ of rra_gnhude big,her than for am

equivaJent structure built on sapphire, irdi_.ting that diCectric _o_,es in h"zc _b_:ratc 6om_rmte.

Further indication of this is that, except for some w._.:zer of the da:a at lower frequ.:m%_,, the Q

of the resonator is almost frequency L'zd=_,-',der_t. For a resona,c-: dominzted by di:_e_.-ic logses,

Q-! = tan 6 = e'/e', where e" and C arc the real and imzgi_.ary componcnt_ of the diek_rie

constant of YSZ. respectively. The frequency indepergcnee of Q ir_licates th::t tan b is zL.,,o

constant, _hich is common for many diek_-ics. T'ae ;_ults for the dielectric h::zes a.': s_wn ia

4_
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Fi_ze 54. The _ part of the dielectric constant determined from the values of the resonant

was 25 aad was constant in the fre_:uency range 0.5 <f< 17 GHz.

A.C Anderson BY. Tsaur

J.W. S_einbeck M.S. Dflodo
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5_ LASER _IECi" V_'RH'E COMPENSA'_'ION OF REFLECTIVE-AFfRAY

COMP _IL_SSOR

A suitable process for lam"r direct write c_. _'L, on of refl.-cfi',z-m-my compressors (RACs)

hat been provid._]. A _mplc, stable, and cavir_mmew.tai!y insensitive amplkudc-eompen_ation

p_ has been dc_Mlxd 9 and used. The Mo photocLmmical etching process dc_elopcd carlkz l0

has been retained for t'baae compensation_

The continuous _ reftcctiori model of :he RAC as modified to accoum for spatial

amplitude and pha_ distortiom has been dem,,>rtstrated tl to predict quantitatively oar

exoerimental spatial c'_,tortioa results to withh'_ !0_7i- aad thereby to pro_4_e a basis for a

com_nsation aIgorith._n in v,ki_ devio_ e_rro_ can be expected to be reduced by an order of

magnitude.

Direct trimming of amplitude and pb2sc _=,_por_, of an RAC _'as demomtrated on a de_c_

wP.h a time-bandwidth prodt_ct of I30 and a center frequeno' of I0'$ MHz. To this end, a

f_tureles_ cermet strip approximately 1.6 mm wMe was sputter-depesited in the 2.7-ram space

between the RAC gratin_ during initial d_'i_: fabrication. Subsequently, a 1.0-mm Mo strip -was

e-bc_m evaporated aieng.ide t_ cermet on thz LiNbO3 suit ace. The device _as mount_ m i_s

fir.al _acuum-t._ght p_ka_ and photochcmJca ly prco:,_ed.

-_9
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Accarate spatial-domain con'e_on patterns for high-resoktdon trimmi_ _ obtained by

suit_b_ deconvolving _ effects of the gra6n$ k_rnel f=ocOoa from temperat_b]e

frequency-domain measuremen_ A single, compeasadon _-ithout iteration _zs a_pl]ecl. A second

compensation is expected to impro_ th_ fuud response.

The uncompemmted frcqucmy rt_ont¢ with an iaiti-! 0.4-dB t:]t ac, o_ th¢ design

bandwidth was corrcct_ to be uniform to w;thir: _-+0.05dB as shown in Ftgure 5-5. The stm21

residual bow in the respott_ acros, the band may be aztn_,uttd to a smaU nmm_orm

attenuation characteristic of the ¢_rmct f'dm across the length of the RAC. _ Fresn¢l rip# at

the band edges is cxpectezl. In an ideal de_ic_ with _l_ff grating eta; the Frtxnel

is symmetric with a 035-riB peak rtz_n._..

As shown in Figure 5-6, full compensation _:ffthe dc_x'¢ redr,ced the rms phase error from
1.5 ° to 0.5 °. The origin of a residual 0.3 ° peak cubic hartaonic component is _plained.

In terms of a pulse-compre_ion system, th_¢ mca_r'ed dcvim chatacte_ would support

a _,xighdng funcdon with a 52-dB xidclobe 1¢v¢1. This comlmrcs to a sidciob¢ k-',_'t of

approximately 39 dB in the best of devic_ as conventiona,qy fabricated and comr_nsated.

Application of thc_ compensation techn_,ques has rc_ted in s.;gnificaatly improved RAC

re_po_e charact_stic_ Added improvement ¢ar_ be txpected with rtfintment of these techaklUCS.

V.S. Dotq

DJ. Ehr'x.h

J.H.C. S_l_ek
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tnd_ate the design ,._an=_,.d2hc,fIh_t d¢_.'e.
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_3 _ULK-ACOUST_CoWAVE REFLEC_ION-_RATE'_G RESONATOY_: PH.&SE-.NUISE

MEASUREN-_NTS AND TE_.TU_2_ _CO_-ENSAT[C_i

Phase-noise m:asurc-mer.ts _ made using t_e LiNbO 3 bulk-_cousZic-_rzvc (RAW)

r_om_tors f_-_c_l_! as des_rihed previo',_ly 12cx_:pt that Z._ aco'_ti¢ tz-__._luc_r was z.

depositedthin film of ZnO. Severalpairsof resor_torswere measured, all_:ithresonant

frequencies bctwe_ 1.0 GHz and 1.25 GHz. Fig_-¢ 5-7 sho_s the re:saiLs of phase-noise

rr,casurcment with two oscillators oigTaL/ng at !£19 GHz. This represents oar best phase-.nois¢

l_xforman_ obtainedto date, and the results in ,_11cases arc consLs_mt with the _ of
the resonators and circuits.

The solid line shows ,be re_ulLs ob',ain_! for the sin_'e_ideband phase noise using

standard model of a feedback oscillator) 3 From _his mode;, the shngle-sideband noise power in a

l-Hz band_;,dth zdative to the carrier power is g!ven by

whe_c L(_J) is in d8¢/ttz. Pc is the o_ci!lator p_,_.r, G t_ loop gain, P the amplifier .._ise

figure, co the offset frequency, Q the rt_onator q.:ality factor, % _e oscillator fundarr_._tal

frequency, a the Cricket-noise constant which mu>t be empirically determined, and N t_he

frequency-multiplication factor.



ut
tt 0 i .... | ' ' ''1 ' ' ' ,u , ' ,,I , , ,

i _MF_.ASL_ED DATA
-_0 _ _ XT_r_O._y -
-.40 • _ SAW _

_

"" .... 1 , • ,,I-18( _ , , ,I , , ,,1 , t z _

I_IIE(_I.ItE_'_"Y OFFSET 0',,'_! N

F-_ure 3-Y, ResuRs _f me¢_u_m_ _f _i_amenm_e in _4 _rese_u_r_abi_iz_d _s_i_m_r_. F_r refer_ t_
r,_e i_ a _.picaI SA W os_: .:-or nndtiplied _. to I-G Hz _ _.'x,ralion and no_e_r a D R O az I G Hz are sho_ Ai_o

sIm_ is _ theoretical r_,_ ob_ain_ usir_g Equanio_ _-_ swith G = 4:3dR F = 3 dB, P_ : 16 d Bm. Q = 2.0 × I.t)¢,

and ¢_= _,6 ×lO "It. The erffre.e_ent b_l_x't'_ tl_,or_ _d Txperi._v_t Lv_t. Tla_ bozzoree ¢'urve ._11o_1_tk_'

projer',ed _oise with i,_._nts d_us, u,d in text. usir_. E_t.,zatio_ (_-6) ),,izh G : 25 dB. F = 4 d_ Pc = 27 d_,n.
Q= Sx IO_,and ff = 2× I0q2.

To obtain the _;r,._ gi_,x-'n in Figure 5-7, th: oiiowin8 pan, meters we_ used: G - _0 riB,

F= 3dB, Pc: 16dBm, Q:2× 104 and a= 1.6× iO"ti. _ value ofa v, as dc_rmin_l by

measuring t.h_ l/f noise of the amplifi._,-s in the c;_uit. It is sigtfificant tFmt hh= t'_tire I/f "3

contributic, a comes from the l/f noise of the zn_ !_"=rs argl that fi:e resot__ators dxmseb'es ,..-_-m

to be free of added contributions. This is in cont_,t to the cgse of suvace-acoastic-wave (SAVO

resonators _-here the r'_oaator itself contributes t_ the l/f 3 part of the phase-noise curv_ beczuse

of significant I/f noise gtaerated in the resor, ator. _4 As can be seen from the figta¢, the

agreement between model and experiment is quite good ov, r the most of the range of

Inea$ L1re ri-.,_tit.

Figure _7 also compares these results _,th _;her technologies that ha_'e been described in

the liter_t_ire. The SAW results are for a typ/cal _-esonator operati_.g at 500 MHz and doubled to

1 GHz. "the dielectric-resonator osci!';ator (DRG) _ata is from gcferen_ 15. A/so shown in

Figure 5-7 are the resu!ts [i_:n by Equation (5-6) for a set of prob,ted F_rametcrs for the BAW

resonatom We conservatively project that we can run with a loop gain of 25 riB; this includes an

insertion lo_s of 15 dB for the de_ice, 3 dB for t_: filter, 3 dB for the pha,.e shifter, and allow_

for some margin. The no/se figure F is 4 dB. We _timate a Pc of +27 dBm; since w_ already

have run an oscillator at *22 dBm, the extension :o ÷27 dBm seems straightforward. We

furthermore project a Q 0[ 5 x I0'*. "_,i_ is still it_ than the material limit at 1 GHz at, el should

be obminah[e with impro:¢mer, ts in the op:i_l sTstem. The pro_:c.tion also assurv, es a value of cr

equal to 2 x 10 -t2, which v,e feel is easily aehie_31e since even lower values have been

reported.t4
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Tbe temperature-compensated mode, howt-ver, is a _gar wave. ARhough our LiNbO 3 work
has been predominantly with comp_ssional BAW, we have verified that a resonator can be

fabricated using a shearwave. We anticipate, tlgnefore, tl_ temperature-stable shear-mode
resonato_ c.an be developed in Fc:LiTaOj. Howe_er, the me of shear .aces may preclude the
use of 7.nO thin-film traasducers and require inst::ad bonded pLatclet technology.

W¢ F_avedemonstrale,d good p_rforirgag_ in BAW rct"_:ction-grat/agresoaa_ors and

d..,'mo_L,2ted confim,mg improven_nts leading t(_the goal ef s_._rylow p,has¢ noise using an
i_ensive and _dily n_nef_c_urabk: techr_olo_/operatL-,g _ fundamental frequeacies of
1 GHz and _bovc. We ait,o hgve demonstrated, iz: principle, that temperature-compensated

resonators can be fabricated in LiTaO3. Efforts are under way to achieve the goal of temperature
compensation and to investigate the possible Q f_:_ors and insertion loss as well as measurements

of the phase noLse.

D.E Oates
J.Y. Pan
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